Abstract-CdZnTe crystals doped with indium were grown by the boron oxide vertical Bridgman technique, with a diameter of 2-inches. The crystals showed large single crystalline yield and low etch pit density. The background impurity content was dominated by boron in concentration lower than 1 ppm. High resistivity was obtained and a procedure for contact preparation was developed. The mobility-lifetime product of the material was determined by both X-ray irradiation and photocurrent spectroscopy. The X-ray detector prepared with this material showed good spectroscopic characteristics.
I. INTRODUCTION C DZNTE is the most promising material for the production of spectroscopic CdZnTe detector working at room temperature. For this application, material properties such as high resistivity, high mobility-lifetime product, lack of second phases like tellurium inclusions, and high structural perfection are particularly demanded. These requirements make the yield of detector quality material usually low, also because the growth of CdZnTe crystals presents some intrinsic difficulties. Among these, the superheating required for eliminating polymer in the melt above the melting point that makes seeding very difficult [1] , the low thermal conductivity of the solid, and the not-congruent evaporation of CdZnTe at the melting point [2] .
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N. In this frame, some of the authors developed a new technique for the growth of CdZnTe crystals that is known as boron oxide vertical Bridgman technique [3, 4] . This technique is basically a vertical Bridgman, but the growth ampoule, in spite of being sealed, is open, and the charge is covered by a thick layer of boron oxide in order to prevent evaporation of the elements. This method presents many advantages with respect to the standard vertical Bridgman: 1) no free volume on the charge, so that the stoichiometry of the charge is not affected by the not-congruent evaporation of the material at the melting point 2) all soldering procedures are avoided, so that scale-up of the process is easy 3) no risk of quartz cracking. Moreover, some of the authors have found that unexpectedly boron oxide fully encapsulates the charge during growth, so that the crystal-crucible interaction is prevented. The reason for the fully encapsulation was investigated [4] . As a result, crystals with large single grains and low dislocation density were grown. However, it was unclear if this technique could be used to produce detector quality material.
In this paper we show the results of the characterization of some important material properties of CdZnTe crystals grown by the boron oxide encapsulated vertical Bridgman technique, like dislocation density, zinc distribution, impurity concentration, resistivity, and mobility-lifetime product. Finally, the X-ray response of the detectors cut out of these crystals is presented. 
II. RESULTS AND DISCUSSION
The 2-inch CdZnTe crystals were grown starting from 7N elements, with a growth rate of about 1 mm/h, using a thermal gradient of 10°C/cm. The crystals were grown with a zinc In order to evaluate dislocation density, Nakagawa etching was performed on some wafers cut parallel to the (III) plane. In order to test the material resistivity, Van der Paw measurements were carried out. However, it was not possible to make reliable measurements by this technique due to the effects of strong surface conduction. Current-voltage (I-V) characteristics of samples with gold contacts deposited on the opposite surfaces were studied by changing the geometry of the contacts and the surface passivation procedure. The results show that surface currents are very important and can be avoided by the contemporary use of a guard ring and a careful passivation of the lateral surfaces of the samples, being the second the most important. The standard lateral dimensions of the samples for resistivity characterization were 5x5 cm 2 • The typical I-V curve we obtained in our samples is shown in fig.  4 . The characteristic can be interpreted as that 0 f two back to back diodes realized on a high resistivity material and can, thus, be described by the equation:
KT
where Is is the reverse bias saturation current and Rs is the series resistance At low current, lattice. Moreover, we observe that the EPD does not show the typical "W" distribution previously found in I-inch crystals. One of the main parameter affecting the detector quality of CdZnTe is the background impurity content. Table I shows Glow Discharge Mass Spectroscopy (GDMS) analysis of our crystals. Impurities whose content is lower than the detection limit of the technique are not shown. As can be noted, the impurity present with larger concentration is boron that can be mainly attributed to the contamination by boron oxide. The contamination is of the same order of magnitude of the concentration of the dopant (In) we intentionally use to obtain high resistivity material. Also the concentration of oxygen is high, perhaps due to boron oxide itself. However, other possible oxygen contaminants could be the quartz ampoule or the elements itself due to the fact that oxygen is usually not considered in the computation of total impurity content. Another impurity present in high concentration is iron. In spite of a number of precautions, we can't get rid of this contaminant, whose origin is, up to now, not clear. Concerning all the other impurities, the concentration is quite low. oncentration in the melt of 10% and indium doping for achieving high resistivity. After the growth, the crystal was simply removed from the crucible by putting it into water. Indeed boron oxide absorbs water, dilates and breaks the ampoule. Boron oxide was completely removed by washing the crystal in water. Then the crystals were cut and etched in order to reveal grain boundaries. Picture of a crystal obtained under optimized growth conditions is shown in fig. I . Even if the crystals are not fully single, large grains are visible, some of them extending all along the crystal length. Fig. 2 shows a wafer obtained by cutting crystals longitudinally and perpendicularly with respect to the growth direction. Also in this case, large single grains are distinguishable. This picture confirms the results obtained for I-inch crystals, where large single grains were obtained [3] .
Rs(I ---70)= VB _ KT (2)
I qI s and the inverse slope of linear part of the curve is given by the material resistance (solid line in fig. 4) . By knowing the sample dimensions the derivation of resistivity is straightforward.
The obtained curve ( fig. 5 ) was then fitted by the simplified Hecht equation [6] leaving the mobility-lifetime product as a free parameter. A value of 1.9xlO-3 cm 2 y-1 was found. The procedure was also repeated for negative bias~in order to determine also the mobility-lifetime product for holes~but the measurement resulted too noisy. The second method used to determine the mobility-lifetime product relies on the detection of the photocurrent signal relative to the illumination of the sample with photon energy close to the band gap. The signal is acquired on varying voltages ( fig. 6 ) and fitted with the equation suggested by Many [7] . In fig. 6 all the fitting parameters are given for the same sample whose flt characteristics were shown in fig. 5 . In particular~it must be underlined that the fll'e value (1.3xlO· 3 cm 2 y-1 ) determined by photoconductivity measurements does not differ too much by the value determined by X-ray irradiation. Moreover~by photoconductivity measurementst he fll'h could be determined as well and was found to be about 5x10-5 cm 2 y. Ol
Energy (keV) Fig. 7 . X-ray spectrum of a CdZnTe detector obtained by a boron encapsulated vertical Bridgman crystal exposed to a 241Am nuclear source. 
The electron mobility-lifetime product (flt) was determined by two different techniques. Samples with the geometry of the ones showed in fig. 5 were irradiated with a 109Cd nuclear source and the centroid of the photopeak relative to the 22 keY line was determined as a function of a positive bias voltage. in fig. 7 and 8 for a 241 Am and a 109Cd source respectively. In the second case, the spectrum is showed in logarithmic scale in order to present both the high and low energy part of the spectrum. The resolution at the 59.5 keY line ofthe americium source is 4.9%, and at the 88 keY line of the cadmium source is 3.7%. Moreover, many low energy lines of the two spectra are clearly resolved. 80 100
Energy (keV) Fig. 8 . X-ray spectrum of a CdZnTe detector obtained by a boron encapsulated vertical Bridgman crystal exposed to a 109Cd nuclear source.
III. CONCLUSIONS
2-inch CdZnTe crystals were grown by the boron oxide encapsulated vertical Bridgman method. The 2-inch crystals showed a low dislocation density, only slightly higher than the I-inch ones. High resistivity crystals were obtained by indium doping the melt. Surface conductance was found to be high in as-polished samples and the use of both surface passivation and guard ring was necessary for determining the correct value of resistivity and for detector preparation.
The Jl't was measured for electrons using both irradiation with X-rays and photoconductivity measurements obtaining comparable values. By means of photoconductivity measurements it was also possible to determine the Jl't for holes.
In spite of the relatively high concentration of boron, oxygen and iron present in the obtained crystals, the detector showed spectroscopic properties and good energy resolution.
If the contamination by boron seems to be unavoidable, work must be done for diminishing the contamination of oxygen and iron in order to improve the transport properties of the material and the detector performances.
